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(57) ABSTRACT

Methods, systems, and apparatus for drive a pumping cham-
ber of a fluid ejection system are disclosed. In one implemen-
tation, the actuator for drive the pumping chamber includes a
continuous piezoelectric layer between a pair of drive elec-
trodes and a continuous reference electrode. The pair of drive
clectrodes includes an inner electrode and an outer electrode
surrounding the inner electrode. The actuator i1s further
coupled to a controller which, during a fluid ejection cycle,
applies a negative voltage pulse differential to the outer elec-
trode to expand the pumping chamber for a first time period,
then applies another negative voltage pulse differential to the
inner electrode during a second time period after the first time
period to contract the pumping chamber to eject a fluiad drop.
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1
RING ELECTRODE FOR FLUID EJECTION

TECHNICAL FIELD

This specification relates to piezoelectrically-actuated
fluid ejection.

BACKGROUND

A fluid e¢jection system typically includes a fluid path from
a fluid supply to anozzle assembly that includes nozzles from
which fluid drops are ejected. Fluid drop ejection can be
controlled by pressurizing fluid 1n the fluid path with an
actuator, such as a piezoelectric actuator. The fluid to be
¢jected can be, for example, an ink, electroluminescent mate-
rials, biological compounds, or materials for formation of
clectrical circuts.

A printhead module 1n an 1nk jet printer 1s an example of a
fluid ejection system. A printhead module typically has a line
or an array ol nozzles with a corresponding array of ink paths
and associated actuators, and drop ejection from each nozzle
can be independently controlled by one or more controllers.
The printhead module can include a semiconductor printhead
body 1 which the ink paths are fonned and piezoelectric
actuators attached to the printhead body. A nozzle can be
defined by a separate layer that 1s attached to the printhead
body. The printhead body can be made of a silicon substrate
ctched to define a pumping chamber along an 1nk path. One
side of the pumping chamber 1s a membrane that 1s suifli-
ciently thin to flex and expand or contract the pumping cham-
ber when driven by the piezoelectric actuator. The piezoelec-
tric actuator 1s supported on the membrane over the pumping,
chamber. The piezoelectric actuator includes a layer of piezo-
clectric material that changes geometry (or actuates) in
response to a voltage applied across the piezoelectric layer by
a pair of opposing electrodes. The actuation of the piezoelec-
tric layer causes the membrane to tlex, and flexing of the
membrane thereby pressurizes ink in the pumping chamber
along the 1nk path and eventually ejects an ink droplet out of
the nozzle.

SUMMARY

This specification describes technologies related to fluid
ejection. In general, a piezoelectric actuator that includes a
ring electrode and piezoelectric material with a uniform pol-
ing direction can be actuated with a unipolar voltage wave-
form.

In one aspect, a fluid ejection system includes a substrate
having a chamber formed therein, a membrane that forms a
wall of the chamber and 1s operable to expand or contract the
chamber by flexing, and an actuator supported on the mem-
brane. The actuator includes a piezoelectric layer disposed
between a drive electrode layer and a reference electrode
layer. The piezoelectric layer includes a continuous planar
piezoelectric material spanning the chamber and having a
uniform poling direction substantially perpendicular to the
continuous planar piezoelectric material. The drive electrode
layer includes a plurality of drive electrodes, the plurality of
drive electrodes including an inner electrode and an outer
clectrode surrounding the imner electrode. The reference elec-
trode layer 1includes a reference electrode having a first por-
tion spanning the inner electrode and a second portion span-
ning the outer electrode. Creation of a voltage differential
between at least one of the plurality of drive electrodes and the
reference electrode generates an electric field 1n the continu-
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2

ous planar piezoelectric material, and the electric field results
in actuation of the continuous planar piezoelectric material to
flex the membrane.

Implementations may include one or more of the following,
features. A controller may be electrically coupled to the plu-
rality of drive electrodes and the reference electrode, and
during an operation cycle to eject a fluid droplet, the control-
ler may be operable to create a first voltage differential pulse
between a first electrode 1n the plurality of drive electrodes
and the reference electrode during a first time period to
expand the chamber, and to create a second voltage differen-
tial pulse between a second electrode 1n the plurality of drive
clectrodes and the reference electrode during a second time
period to contract the chamber, the second electrode being
different from the first electrode and the second time period
being after the first time period. The first voltage differential
pulse and the second voltage differential pulse may each
generate an electric field that points in substantially the same
direction as the poling direction. The first electrode 1n the
plurality of drive electrode may be the outer electrode, and the
second electrode 1n the plurality of drive electrode may be the
iner electrode.

The membrane may be a separate layer bonded to the
substrate.

The mner electrode may be disposed over a central portion
of the membrane and the outer electrode may be disposed
over a peripheral portion of the membrane surrounding the
inner electrode.

The inner electrode and the outer electrode may be the only
drive electrodes disposed over the membrane.

The membrane may have a lateral dimension of D, and the
iner electrode may have a lateral dimension of approxi-
mately 24 of D. The outer electrode may be 1n the shape of a
ring, where the ring has an 1nner lateral dimension and an
outer lateral dimension, and the inner lateral dimension of the
ring may be greater than the lateral dimension of the inner
clectrode. The outer lateral dimension of the ring may be

greater than the lateral dimension of the membrane. The
lateral dimension of the mnner electrode and the inner lateral
dimension of the outer electrode may be such that a maximum
volume displacement 1s achieved between expansion and
contraction of the chamber. The lateral dimension of the 1nner
clectrode and the inner lateral dimension of the outer elec-
trode may also be such that equal volume displacement 1s
achieved between expansion and contraction of the chamber.

The continuous planar piezoelectric material may be a lead
zirconate titanate (PZT) film.

In one aspect, a fluid ejection system includes a substrate
having a chamber formed therein, a membrane that forms a
wall of the chamber and 1s operable to expand or contract the
chamber by flexing, and an actuator supported on the mem-
brane. The actuator includes a piezoelectric layer disposed
between a drive electrode layer and a reference electrode
layer. The piezoelectric layer includes a continuous planar
piezoelectric material spanming the chamber and having a
unmiform poling direction that1s substantially perpendicular to
the continuous planar piezoelectric material. The drive elec-
trode layer includes a drive electrode 1n contact with the
continuous planar piezoelectric material. The drive electrode
1s 1n the shape of a ring, disposed over a peripheral portion of
the membrane, and being the sole drive electrode over the
membrane 1n the drive electrode layer. The reference elec-
trode layer includes a reference electrode spanning at least an
area covered by the drive electrode. Creation of a voltage
differential between the drive electrode and the reference
clectrode generates an electric field in the continuous planar
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piezoelectric material, and the electric field results 1n actua-
tion of the continuous planar piezoelectric material to flex the
membrane.

Implementations may include one or more of the following,
features. The fluid ejection system may further include a
controller electrically coupled to the drive electrode and the
reference electrode. During an operation cycle to eject a tluid
droplet, the controller may be operable to create a voltage
differential between a drive electrode and the reference elec-
trode for a time period to expand the chamber, and to remove
the voltage differential after the time period to contract the
chamber. The uniform poling direction of the continuous
planar piezoelectric material may point from the reference
clectrode layer to the drive electrode layer, and the voltage
differential may be a negative voltage differential. And at the
same time, the uniform poling direction of the continuous
planar piezoelectric material may points away from the cham-
ber.

The membrane may be a lateral dimension of D. The drive
clectrode may have an inner lateral dimension and an outer
lateral dimension, and the outer lateral dimension of the drive
clectrode may be greater than the lateral dimension of the
membrane. The inner lateral dimension of the drive electrode
may be such that a maximum volume displacement 1s
achieved between expansion and contraction of the chamber.
The continuous planar piezoelectric material may be a lead
zirconate titanate (PZT) film.

In one aspect, a fluid ejection system includes a substrate
having a chamber formed therein, a membrane that forms a
wall of the chamber and 1s operable to expand or contract the
chamber by flexing, and an actuator supported on the mem-
brane. The actuator includes a piezoelectric layer disposed
between a drive electrode layer and a reference electrode
layer. The piezoelectric layer includes a planar piezoelectric
material spanning the chamber and having a uniform poling,
direction substantially perpendicular to the planar piezoelec-
tric material. The drive electrode layer includes a plurality of
drive electrodes. The plurality of drive electrodes includes an
inner electrode and an outer electrode surrounding the iner
clectrode. The reference electrode layer includes a reference
clectrode, the reference electrode having a first portion span-
ning the inner electrode and a second portion spanning the
outer electrode. The fluid ejection system further includes a
controller electrically coupled to the pair of drive electrodes
and the reference electrode. During an operation cycle to eject
a flmid droplet, the controller 1s operable to create a first
voltage differential pulse between a first electrode 1n the
plurality of drive electrodes and the reference electrode dur-
ing a first time period to expand the chamber. The controller
1s further operable to create a second voltage differential
pulse between a second electrode in the plurality of drive
clectrodes and the reference electrode during a second time
period to contract the chamber, the second electrode being
different from the first electrode and the second time period
being after the first time period.

Implementations may include one or more of the following,
teatures. The first voltage differential pulse and the second
voltage differential pulse may each generate an electric field
that points substantially 1n the same direction as the poling
direction. The first electrode 1n the plurality of drive electrode
may be the outer electrode, and the second electrode in the
plurality of drive electrode may be the mner electrode.

The uniform poling direction of the planar piezoelectric
material may point from the reference electrode layer to the
drive electrode layer, the first voltage differential pulse may
be a negative voltage differential pulse, and the second volt-
age differential pulse may be another negative voltage differ-
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ential pulse. The uniform poling direction of the planar piezo-
clectric material may point away from the chamber. The
uniform poling direction of the planar piezoelectric material
may point toward the chamber.

The uniform poling direction of the planar piezoelectric
material may point from the drive electrode layer to the ref-
erence electrode layer, the first voltage differential pulse may
be a positive voltage differential pulse, and the second voltage
differential pulse may be another positive voltage difierential
pulse. The uniform poling direction of the planar piezoelec-
tric material may point away from the chamber. The uniform
poling direction of the planar piezoelectric material may

point toward the chamber.

The first voltage differential pulse and the second voltage
differential pulse may each generate an electric field that
points 1n a direction substantially opposite to the poling direc-
tion. The first electrode 1n the plurality of drive electrode 1s the
iner electrode, and the second electrode 1n the plurality of
drive electrode 1s the outer electrode.

The uniform poling direction of the planar piezoelectric
material may point from the reference electrode layer to the
drive electrode layer, the first voltage differential pulse may
be a positive voltage differential pulse, and the second voltage
differential pulse may be another positive voltage difierential
pulse. The uniform poling direction of the planar piezoelec-
tric material may point away from the chamber. The uniform
poling direction of the planar piezoelectric maternial may
point toward the chamber.

The uniform poling direction of the planar piezoelectric
material may point from the drive electrode layer to the ref-
erence electrode layer, the first voltage differential pulse may
be a negative voltage diflerential pulse, and the second volt-
age differential pulse may be another negative voltage differ-
ential pulse. The uniform poling direction of the planar piezo-
clectric material may point away from the chamber. The
uniform poling direction of the planar piezoelectric material
may point toward the chamber.

In one aspect, a fluid ejection system includes a substrate
having a chamber formed therein, a membrane that forms a
wall of the chamber and 1s operable to expand or contract the
chamber by flexing, and an actuator supported on the mem-
brane. The actuator includes a piezoelectric layer disposed
between a drive electrode layer and a reference electrode
layer. The piezoelectric layer includes a planar piezoelectric
material spanning the chamber and having a uniform poling
direction that 1s substantially perpendicular to the planar
piezoelectric material. The drive electrode layer includes a
drive electrode 1n contact with the planar piezoelectric mate-
rial. The drive electrode 1s in the shape of aring, disposed over
a peripheral portion of the membrane, and being the sole drive
clectrode over the membrane in the drive electrode layer. The
reference electrode layer includes a reference electrode span-
ning at least an area covered by the drive electrode. The fluid
ejection system further includes a controller electrically
coupled to the drive electrode and the reference electrode.
During an operation cycle to eject a tluid droplet, the control-
ler 1s operable to create a voltage differential between a drive
clectrode and the reference electrode for a time period to
expand the chamber, and to remove the voltage differential
alter the time period to contract the chamber.

Implementations may include one or more of the following
teatures. The uniform poling direction of the planar piezo-
clectric material may point from the reference electrode layer
to the drive electrode layer. The voltage differential may be a
negative voltage differential. The uniform poling direction of
the planar piezoelectric material may points away from the
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chamber. The uniform poling direction of the planar piezo-
clectric material may point toward the chamber.

The unmiform poling direction of the planar piezoelectric
material may point from the drive electrode layer to the ref-
erence clectrode layer. The voltage differential may be a
positive voltage potential. The uniform poling direction of the
planar piezoelectric material may point away from the cham-
ber. The uniform poling direction of the planar piezoelectric
material may point toward the chamber.

In one aspect, a method for actuating a pumping chamber
includes generating a negative voltage differential for a time
period between a drive electrode and a reference electrode of
a piezoelectric actuator to expand the pumping chamber, and
removing the negative voltage differential after the time
period to contract the pumping chamber. The pumping cham-
ber 1s a cavity formed 1n a substrate. The cavity 1s covered by
a membrane that 1s operable to expand or contract the pump-
ing chamber by flexing. The piezoelectric actuator 1s sup-
ported on the membrane and includes a planar piezoelectric
material, the drive electrode and the reference electrode. The
drive electrode and the reference electrode are disposed on
opposite sides of the planar piezoelectric matenal. The drive
clectrode 1s 1n a shape of a ring, disposed over a peripheral
portion of the membrane, and being the sole drive electrode
over the membrane. The planar piezoelectric material spans
the chamber and has a uniform poling direction that 1s sub-
stantially perpendicular to the planar piezoelectric material
and points away from the pumping chamber. The reference
clectrode 1s disposed between the membrane and the drive
clectrode. The reference electrode spans at least an area cov-
ered by the drive electrode.

In one aspect, a fluid ejection system includes a substrate
having a chamber and a membrane. The membrane covers
one side of the chamber and 1s operable to expand or contract
the chamber by flexing. The fluid ejection system further
includes an actuator on the membrane. The actuator includes
a piezoelectric layer disposed between a drive electrode layer
and a reference electrode layer. The piezoelectric layer has a
uniform poling direction substantially perpendicular to a sur-
face of the membrane in contact with the actuator. The drive
clectrode layer includes a plurality of drive electrodes. The
plurality of drive electrodes includes an 1nner electrode and
an outer electrode surrounding the inner electrode. The fluid
ejection system further includes a controller electrically
coupled to the actuator to provide a unipolar wavetform to the
inner electrode and outer electrode.

Implementations may include one or more of the following
features. During an operation cycle to eject a flmd droplet, the
controller may be operable to create a first voltage differential
pulse between a {first electrode 1n the plurality of drive elec-
trodes and the reference electrode during a first time period to
expand the chamber, and to create a second voltage differen-
tial pulse between a second electrode 1n the plurality of drive
clectrodes and the reference electrode during a second time
period to contract the chamber. The second electrode may be
different from the first electrode and the second time period
may be after the first time period. The first voltage differential
pulse and the second voltage ditfferential pulse may each
generate an electric field that 1s substantially 1n the same
direction as the poling direction. The first electrode 1n the
plurality of drive electrode may be the outer electrode, and the
second electrode 1n the plurality of drive electrode may be the
iner electrode.

In one aspect, a fluid ejection system includes a substrate
having a chamber and a membrane. The membrane covers
one side of the chamber and 1s operable to expand or contract
the chamber by flexing. The fluid ejection system further
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includes an actuator on the membrane. The actuator includes
a piezoelectric layer disposed between a drive electrode layer
and a reference electrode layer. The piezoelectric layer has a
uniform poling direction substantially perpendicular to a sur-
face of the membrane in contact with the actuator. The drive
clectrode layer includes a drive electrode in contact with the
piezoelectric matenal. The drive electrode 1s ring-shaped and
disposed over a peripheral portion of the membrane over the
chamber, and being the sole drive electrode over the mem-
brane 1n the drive electrode layer. The fluid ejection system
turther includes a controller electrically coupled to the actua-
tor to provide a unipolar waveform to the drive electrode.

The unipolar wavetorm applied to the actuator may create
an electrical field in the piezoelectric layer that 1s substan-
tially 1n the same direction as the poling field.

In one aspect, a fluid ejection system includes a substrate
having a chamber and a membrane. The membrane covers
one side of the chamber and 1s operable to expand or contract
the chamber by flexing. The fluid ejection system further
includes an actuator on the membrane. The actuator includes
a piezoelectric layer disposed between a drive electrode layer
and a reference electrode layer. The piezoelectric layer has a
uniform poling direction substantially perpendicular to a sur-
face of the membrane in contact with the actuator. The drive
electrode layer includes a plurality of drive electrodes. The
plurality of drnive electrodes includes an 1nner electrode and
an outer electrode surrounding the inner electrode. The fluid
ejection system further includes a controller electrically
coupled to the actuator to provide a umipolar waveform to the
inner electrode and outer electrode.

Implementations may include one or more of the following

features. During an operation cycle to eject a flmid droplet, the
controller may be operable to create a first voltage differential
pulse between a {first electrode 1n the plurality of drive elec-
trodes and the reference electrode during a first time period to
expand the chamber, and to create a second voltage differen-
tial pulse between a second electrode 1n the plurality of drive
clectrodes and the reference electrode during a second time
period to contract the chamber, the second electrode being
different from the first electrode and the second time period
being after the first time period. The first voltage differential
pulse and the second voltage differential pulse may each
generate an electric field that 1s substantially 1n the same
direction as the poling direction. The first electrode in the
plurality of drive electrode may be the outer electrode, and the
second electrode 1n the plurality of drive electrode may be the
inner electrode.
In one aspect, a fluid ejection system includes a substrate
having a chamber and a membrane. The membrane covers
one side of the chamber and 1s operable to expand or contract
the chamber by flexing. The fluid ejection system further
includes an actuator on the membrane. The actuator includes
a piezoelectric layer disposed between a drive electrode layer
and a reference electrode layer. The piezoelectric layer has a
unmiform poling direction substantially perpendicular to a sur-
face of the membrane in contact with the actuator. The drive
clectrode layer includes a drive electrode 1n contact with the
piezoelectric matenal. The drive electrode 1s ring-shaped and
disposed over a peripheral portion of the membrane over the
chamber, and being the sole drive electrode over the mem-
brane 1n the drive electrode layer. The fluid ejection system
turther includes a controller electrically coupled to the actua-
tor to provide a unipolar waveform to the drive electrode.

The unipolar wavelorm applied to the actuator may create
an electrical field in the piezoelectric layer that 1s substan-
tially in the same direction as the poling field.
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The technology disclosed can offer one or more of the

following advantages. A ring-shaped drive electrode can

climinate the need for a positive drive voltage 1 a flmd
ejection cycle and the need for maintaiming a quiescent nega-
tive bias while 1dle. A dual electrode design can permit the
piezoelectric layer 1n the actuator to remain in a neutral and
relaxed state rather than a pre-compressed state while 1dle.
This can reduce fatigue of the piezoelectric material. For
example, only negative drive voltages need be applied across
the piezoelectric layer during each fluid ejection cycle. The
clectric field created 1inside the piezoelectric layer can point in
the same direction as the poling direction of the piezoelectric
maternal during the entire tfluid ejection cycle. Fatigue and
depolarization of the piezoelectric material in the piezoelec-
tric actuator can be reduced.

A dual electrode design can provide a greater total volume
displacement for a given drive voltage as compared to a single
clectrode design. Alternatively, for a given volume displace-
ment required during a fluid ejection cycle, the drive voltage
can be reduced roughly by half as compared to a single
clectrode design.

An 1ncrease 1n volume displacement efficiency due to the
dual electrode design can allow for a smaller actuator mem-
brane to achieve suflicient volume displacement for fluid
ejection, and nozzle density can be increased. In addition, the
reduced membrane area can also improve membrane strength
for fluid ejection.

Other aspects, features, and advantages will be apparent
from the description and drawings and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a schematic cross-sectional view of an exemplary
fluid ejection system.

FIG. 2A 1s a schematic cross-sectional view of an exem-
plary fluid ejection system with a central drive electrode.

FIG. 2B 1s a schematic top view of an exemplary fluid
ejection system with a central drive electrode.

FIG. 2C 1s an exemplary drive voltage wavetorm for a
droplet ejection cycle 1n the fluid ejection system of FIGS.
2A-2B.

FIG. 2D 1s another exemplary drive voltage waveform for
a droplet ejection cycle 1n the fluid ejection system of FIGS.
2A-2B.

FIG. 3A 1s a schematic cross-sectional view of an exem-
plary fluid ejection system with a ring-shaped drive electrode.

FIG. 3B 1s a schematic top view of an exemplary fluid
¢jection system with a ring-shaped drive electrode.

FIG. 3C 1s an exemplary drive voltage wavetform for a
droplet ejection cycle 1n the fluid ejection system of FIGS.
3A-3B.

FI1G. 4 A 1llustrates the detlection of a piezoelectric mem-
brane under a positive voltage applied between a central drive
clectrode and a continuous reference electrode.

FIG. 4B 1llustrates the deflection of a piezoelectric mem-
brane under a positive voltage applied between a rnng-shaped
drive electrode and a reference electrode.

FIG. SA 1s a schematic diagram of a dual electrode piezo-
clectric actuator including an inner drive electrode (e.g., a
central electrode) and an outer drive electrode (e.g., a ring-
shaped electrode) surrounding the mner drive electrode.

FIG. 5B illustrates exemplary drive voltage waveforms on
the central electrode and the ring-shaped electrode for a drop-
let ejection cycle 1n a fluid ejection system utilizing the dual
clectrode piezoelectric actuator of FIG. 5A.

FI1G. 6 1s a plot illustrating the correlations between volume
displacement per volt and the lateral dimensions of the central
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and the ring-shaped drive electrodes 1n relation to the lateral
dimension of the pumping chamber.

FIG. 7 1s a plot illustrating the correlation between volume
displacement per volt (dV/dU) in the pumping chamber and
percentage ol drive electrode radius relative to pumping
chamber radius (%).

FIG. 8A 1s a piezoelectric actuator with an exemplary
ring-shaped electrode over a continuous PZT layer.

FIG. 8B illustrates the deflection of the PZT layer in FIG.
8 A under an applied voltage between the ring-shaped elec-
trode and a reference electrode.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION

FIG. 1 1s a schematic cross-sectional view of an exemplary
fluid ejection system (e.g., a printhead module 100).

The printhead module 100 includes a plurality of piezo-
electric actuator structures 120 and a module substrate 110
through which a plurality of passages are formed.

The module substrate 110 can be a monolithic semicon-
ductor body such as a silicon substrate. Each passage through
the silicon substrate defines a tlow path for the fluid (e.g., 1nk)
to be ejected (only one flow path and one actuator are shown
in the cross-sectional view of FIG. 1). Each flow path can
include a flmd inlet 112, a pumping chamber 114, a descender
116, and a nozzle 118. The tlow path can further include a
recirculation path 119 so that ink can flow through the flow
path even when fluid 1s not being ejected through the nozzle
118. The pumping chamber 114 1s a cavity formed 1n the
module substrate 110. One side of the pumping chamber 114
1s a membrane 123 that 1s capable of flexing to expand or
contract the pumping chamber 114 and pump the fluid along
the tlow path. The area ol the membrane 123 can be defined by
the edge of the pumping chamber 114 supporting the mem-
brane 123. Stated another way, the lateral shape of the mem-
brane 123 1s defined by the perimeter of the pumping chamber
114 under the membrane. The membrane 123 can be fonned
by joimning (e.g., bonding, for example, silicon-to-silicon
fusion bonding) a membrane layer 122 to the module sub-
strate 110 over an open side of the pumping chamber 114.
Alternatively, the membrane 123 can be a thin portion of the
monolithic semiconductor substrate that was leit intact dur-
ing the etching of the pumping chamber 114. The piezoelec-
tric actuator structure 120 1s positioned over the pumping
chamber 114 and supported on the exposed side of the mem-
brane 123.

The piezoelectric actuator structure 120 includes a first
clectrode layer (e.g., a reference electrode layer 124, e.g.,
connected to ground), a second electrode layer (e.g., a drive
clectrode layer 128), and a piezoelectric layer 126 disposed
between the first and the second electrode layers. The piezo-
clectric actuator structure 120 1s supported on (e.g., bonded
to) to the module substrate 110 containing the membrane 123.
In some 1implementations, the piezoelectric actuator structure
120 1s fabricated separately and then secured, (e.g., bonded)
to the module substrate 110. In some 1mplementations, the
piezoelectric actuator structure 120 can be fabricated in place
over the pumping chamber by sequentially deposition of lay-
ers onto the module substrate 110 (or the membrane layer
122).

The piezoelectric layer 126 changes geometry, or bends, 1n
response to a voltage applied across the piezoelectric layer
between the first electrode layer and the second electrode
layer. The bending of the piezoelectric layer 126 tlexes the
membrane 123 which 1n turn pressurizes the fluid in the
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pumping chamber 114 to controllably force fluid through the
descender 116 and eject drops of fluid out of the nozzle 118.
Thus, each flow path with 1ts associated actuator provides an
individually controllable fluid ejector unat.

In this example, the first electrode layer 1s the reference
clectrode layer 124. The reference electrode layer 124 con-
tains one or more reference electrodes. A reference electrode
can be continuous and optionally can span multiple actuators.
A continuous reference electrode can be a single continuous
conductive layer disposed between the piezoelectric layer
126 and the exposed surface of the membrane layer 122 (or
the exposed surface of the monolithic module substrate con-
taining the membrane 123). The membrane 123 1solates the
reference electrode layer 124 and the piezoelectric layer 126
from the fluid in the pumping chamber 114. The drive elec-
trode layer 128 1s on the opposing side of the piezoelectric
layer 126 from the reference electrode layer 124. The drive
clectrode layer 128 includes patterned conductive pieces
serving as the drive electrodes for the piezoelectric actuator
structure 120.

The drive electrode and the reference electrode are electri-
cally coupled to a controller 130 which supplies a voltage
differential across the piezoelectric layer 126 at appropriate
times and for appropriate durations in a tluid ejection cycle. A
voltage differential between a first electrode and a second
clectrode 1s a measure of the voltage applied to the first
clectrode (the so-called “drive electrode™) relative to the volt-
age applied to the second electrode (the so-called “reference
clectrode™). Where the reference electrode 1s connected to
ground, the drive voltage differential between the drive elec-
trode and the reference electrode 1s equal to the voltage
applied to the drive electrode, and the terms “drive voltage™
and “drive voltage differential” are used interchangeably.
Typically, electric potentials on reference electrodes are held
constant, or are commonly controlled with the same voltage
wavelorm across all actuators, during operation, e.g., during,
the firing pulse.

A negative voltage differential exists when the applied
voltage on the drive electrode 1s lower than the applied volt-
age on the reference electrode. A positive voltage differential
exists when the applied voltage on the drive electrode 1s
higher than the applied voltage on the reference electrode. In
such implementations, the “drive voltage” or “drive voltage
pulse” applied to the drive electrode 1s measured relative to
the voltage applied to the reference electrode 1n order to
achieve the desired drive voltage wavelorms for piezoelectric
actuation.

The compliance of the membrane 123 1s such that 1t allows
actuation of the piezoelectric layer 126 to flex the membrane
123 over the pumping chamber 114 and pressurize the fluid in
the pumping chamber 114.

The piezoelectric layer 126 can include a substantially
planar piezoelectric material, such as a lead zirconium titan-
ate (“PZ'1”) film. The thickness of the piezoelectric material
1s within a range that allows the piezoelectric layer to tlex 1n
response to an applied voltage. For example, the thickness of
the piezoelectric material can range from about 0.5 to 25
microns, such as about 1 to 7 microns. The piezoelectric
material can extend beyond the area of the membrane 123
over the pumping chamber 114. The piezoelectric material
can span multiple pumping chambers 1n the module substrate.
Alternatively, the piezoelectric material can include cuts in
regions that do not overlie the pumping chambers, 1n order to
segment the piezoelectric material of the different actuators
from each other and reduce cross-talk.

The thin film of piezoelectric material can be deposited on
the membrane layer 122 by sputtering. Types of sputter depo-
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sition can include magnetron sputter deposition (e.g., RF
sputtering ), ion-beam sputtering, reactive sputtering, 1on-as-
sisted deposition, high-target-utilization sputtering, and high
power impulse magnetron sputtering. Sputtered piezoelectric
material (e.g., piezoelectric thin film) can have a large as-
deposited polarization. Some environments that are used for
sputtering piezoelectric material apply a direct current (DC)
field during sputtering. The DC field causes the piezoelectric
material to be polarized (or “poled”) 1n the orientation that
results when a negative voltage 1s applied to the exposed side
of the piezoelectric material. In the configuration shown 1n
FIG. 1, the poling direction of the piezoelectric layer pro-
duced using such methods points from the reference electrode
layer 124 toward the drive electrode layer 128, e.g., substan-
tially perpendicular to the planar piezoelectric layer 126.

Once the piezoelectric material has been poled, application
ol an electric field across the piezoelectric material will dis-
place the piezoelectric material. For example, a negative volt-
age differential between the drive electrode and the reference
clectrode 1 FIG. 1 results 1n an electric field 1n the piezoelec-
tric layer 126 that points substantially 1n the same direction as
the poling direction. In response to the electric field, the
piezoelectric material between the drive electrode and the
reference electrode expands vertically and contracts laterally,
causing the piezoelectric film over the pumping chamber to
flex. Alternatively, a positive voltage differential between the
drive electrode and the reference electrode in FIG. 1 results in
an electric field within the piezoelectric layer 126 that points
in a direction substantially opposite to the poling direction. In
response to the electric field, the piezoelectric material
between the drive electrode and the reference electrode con-
tracts vertically and expands laterally, causing the piezoelec-
tric film over the pumping chamber to flex in the opposite
direction. The direction and shape of the deflection depends
on the shape of the drive electrode and the natural bending
mode of the piezoelectric film that spans beyond the mem-
brane over the pumping chamber.

Designs and optimizations of the drive electrodes to
improve volume displacement in the pumping chamber are
discussed 1n further detail 1n the sections that follow.

Central Electrode

FIG. 2A 1s a schematic cross-sectional view of the exem-
plary fluid ejection system 100 with a central drive electrode
210 1n the dnive electrode layer. FIG. 2B 1s a schematic
top-view of the same exemplary fluid ¢jection system 100
shown 1n FIG. 2A.

The exemplary fluid ejection system 100 1n FIGS. 2A-2B
includes the module substrate 110 with the embedded pump-
ing chamber 114. The pumping chamber 114 1s connected to
the flow path between the fluid inlet and the nozzle (not
shown). The top side of the pumping chamber 114 1s covered
by the membrane 123. In this example, the membrane has a
lateral dimension, 1.e., parallel to the tlat surface of the sub-
strate 110, D.

The piezoelectric actuator structure 1s placed over and sup-
ported on the membrane 123. The piezoelectric material in
the actuator 1s poled 1n a direction pointing from the bottom
surface to the top surface of the piezoelectric layer 126. The
drive electrode layer includes a central drive electrode 210 1n
contact with the top surface of the piezoelectric layer 126. The
central drive electrode 1s a single conductive piece (e.g., a
disc) that has a lateral dimension, Rc. In this single electrode
design, the central drive electrode 210 1s positioned over the
pumping chamber in exclusion of any other drive electrode in
the drive electrode layer. In some implementations, the cen-
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tral drive electrode 1s preferably placed over the central por-
tion of the membrane to achieve maximum deflection. The
lateral dimension of the central drive electrode Rc can vary
from a fractionof D (e.g., %53 of D or % o1 D) to slightly greater
than D (e.g., up to about 10% larger than D). The reference
clectrode layer includes a reference electrode 220 disposed
between the piezoelectric layer 126 and the top surface of the
membrane layer 122. The reference electrode can span at
least the area projected by the drive electrode (i.e., the central
drive electrode 210). In some implementations, the reference
clectrode can also span the drive electrodes of multiple actua-
tors over multiple pumping chambers.

The piezoelectric actuator 1s controlled by the controller
130 whaich 1s electrically coupled to the drive electrode 210
and the reference electrode 220. The controller 130 can
include one or more wavelorm generators that supply appro-
priate voltage pulses to the drive electrode 210 to detlect the
actuator membrane 1n a desired direction during a droplet
ejection cycle. The controller 130 can further be coupled to a
computer or processor for controlling the timing, duration,
and strength of the drive voltage pulses.

When using a central drive electrode such as that shown in
FIGS. 2A-2B, a negative voltage differential applied across
the piezoelectric layer generates an electric field, E, that
points substantially in the same direction as the poling direc-
tion, P. The electric field forms primarily 1n the piezoelectric
material beneath the drive electrode and 1n the central portion
of the membrane over the pumping chamber 114. Inresponse
the electric field, the piezoelectric material expands vertically
and contracts laterally. As a result, the central portion of the
membrane tends to form a concave shape (from the actuator
side) and thus bows inwardly (toward the chamber), contract-
ing the pumping chamber 114. Alternatively, a positive volt-
age differential applied across the piezoelectric material gen-
erates an electric field that points 1n a direction opposite to the
poling direction of the piezoelectric maternial. In response to
the electric field, the piezoelectric material contracts verti-
cally and expands laterally. As a result, the central portion of
the membrane tends to form a convex shape (from the actua-
tor side) and thus bows outwardly (away from the chamber),
expanding the pumping chamber 114.

FIG. 2C 1s an exemplary drive voltage wavetorm for a
droplet ejection cycle 1n the fluid ejection system of FIGS.
2A-2B. In general, during a fluid ejection cycle, the pumping
chamber first expands to draw 1n fluid from the fluid supply,
and then contracts to eject a fluid droplet from the nozzle.
Therefore, when using the fluid ejection system utilizing a
central drive electrode (such as the one in FIGS. 2A-2B) and
a reference electrode, the fluid ejection cycle includes first
applying a positive voltage pulse to the drive electrode to
expand the pumping chamber 114 and then applying a nega-
tive voltage pulse to the drive electrode to contract the pump-
ing chamber 114. Alternatively, as shown 1n FIG. 2C, a single
positive voltage pulse of magnitude V and duration T1 1s
applied to the dnive electrode to expand the pumping chamber
and draw 1n the fluid, and at the end of the pulse, the pumping
chamber contracts from the expanded state back to a relaxed
state and ejects a fluid drop.

Expanding the pumping chamber from a relaxed state
using a central drive electrode requires a positive voltage
differential being applied across the piezoelectric layer
between the central drive electrode and the reference elec-
trode. One drawback with using such a positive drive voltage
differential 1s that the electric field generated 1n the piezoelec-
tric layer points 1n a direction opposite to the poling direction
of the piezoelectric material. Repeated application of the
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positive voltage differential will cause depolarization of the
piezoelectric layer and reduce the effectiveness of the actua-

tor over time.

To avoid using a positive drive voltage differential, the
drive electrode can be maintained at a quiescent negative bias
relative to the reference electrode, and can be restored to
neutral only during the expansion phase of the fluid ejection
cycle. FIG. 2D illustrates an exemplary drive voltage wave-
form that utilizes a quiescent negative bias. In this alternative,
the pumping chamber 1s kept at a pre-compressed state by the
quiescent negative bias on the central drive electrode while
idle. During a fluid ejection cycle, the negative voltage bias 1s
removed from the central drive electrode for a time period T1,
and then reapplied until the start of the next flmd ejection
cycle. When the negative bias 1s removed from the central
drive electrode, the pumping chamber expands from the pre-
compressed state to the relaxed state and draws 1n fluid from
the inlet. After the time period 11, the negative bias 1s reap-
plied to the central drive electrode and the pumping chamber
contracts from the relaxed state to the pre-compressed state
and ejects a droplet from the nozzle. This alternative drive
method eliminates the need to apply a positive voltage ditter-
ential between the drive electrode and the reference electrode.
However, prolonged exposure to a negative quiescent bias
and constant internal stress can cause deterioration of the
piezoelectric material.

An alternative design utilizing a ring-shaped drive elec-
trode avoids the use of either a positive drive voltage difier-
ential or a quiescent negative bias on the drive electrode
relative to the reference electrode. Details of the ring-shaped
drive electrode design are described 1n the sections that fol-
low.

.

Ring Electrode

FIG. 3A 1s a schematic cross-sectional view of an exem-
plary tluid ejection system 100 with a ning-shaped drive elec-
trode 310. FIG. 3B 1s a schematic top view of the same
exemplary tluid ejection system 100 shown in FIG. 3A.

The exemplary fluid ejection system 100 in FIGS. 3A-3B
includes the module substrate 110 with the embedded pump-
ing chamber 114. The pumping chamber 114 1s connected to
the tflow path between the fluid inlet and the nozzle (not
shown). In some 1mplementations, the top side of the pump-
ing chamber 114 1s covered by the membrane 123. The mem-
brane has a lateral dimension, D.

The piezoelectric actuator structure 1s placed over and sup-
ported on the membrane. The piezoelectric material 1n the
actuator 1s poled 1 a direction pointing from the bottom
surface to the top surface of the piezoelectric layer 126, 1.¢.,
substantially perpendicular to the membrane. The drive elec-
trode layer includes a ring-shaped drive electrode 310 in
contact with the top surface of the piezoelectric layer 126.

The ring-shaped drive electrode 310 1s a conductive piece
that has an aperture or opening 1n the middle (e.g., a circular
ring). The ring-shaped drive electrode can be characterized by
an outer shape of the conductive piece and an inner shape of
the opening (or aperture) in the conductive piece. The inner
shape and the outer shape do not have to be geometrically
similar or concentric. However, 1n some implementations the
width of the ring can be roughly uniform around the entirety
of the ring or most part of the ring.

In this single electrode design, the ring-shaped drive elec-
trode 310 1s positioned over the pumping chamber 1n exclu-
sion of any other drive electrode 1n the drive electrode layer.
The opening of the ring-shaped drive electrode 1s placed over
the central portion of the membrane over the pumping cham-
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ber 114. The conducting portion of the ring-shaped drive
clectrode 1s placed over the peripheral portion of the mem-
brane. The perimeter 315 of the membrane over the pumping
chamber 1s entirely covered by the ring-shaped electrode 310
as shown 1n FIGS. 3A-3B. In FIGS. 3A-3B, the outer and
inner edge of the ring-shaped drive electrode 1s aligned with
(1.e., parallel to) the perimeter of the membrane over the
pumping chamber.

The rnng-shaped drive electrode 310 can be characterized
by an inner lateral dimension R, for the inner shape of the
opening and an outer lateral dimension R , for the outer
shape of the conductive piece. The inner lateral dimension of
the ring-shaped drive electrode R, can range from a fraction
of D, e.g., %3 of D or %4 of D, to slightly less than the outer
lateral dimension R_ . The outer lateral dimension of the
ring-shaped drive electrode R_ ., 1s at least D, and can be
greater than D, e.g., about 10% greater than D. In some
implementations, for a pumping chamber with a lateral
dimension of roughly 150 microns, the outer lateral dimen-
sion of the ring-shaped electrode 1s about 5-10 microns
greater than the lateral dimension of the pumping chamber.

The reference electrode layer includes a reference elec-
trode 220 disposed between the piezoelectric layer 126 and
the top surface of the membrane layer 122. The reference
clectrode 220 can span at least the area projected by the top
drive electrode (1.e., the ring-shaped drive electrode 310). In
some 1mplementations, the reference electrode can span
beyond the area covered by the top drive electrode to cover the
central region enclosed by the ring-shaped drive electrode. In
some 1mplementations, the reference electrode can also span
one or more actuators.

The piezoelectric actuator 1s controlled by the controller
130 whaich 1s electrically coupled to the drive electrode 310
and the reference electrode 220. The controller 130 can
include one or more wavelorm generators that supply appro-
priate voltage pulses to the drive electrode 210 to detflect the
actuator membrane 1n a desired direction during a droplet
ejection cycle. The controller 130 can further be coupled to a
computer or processor for controlling the timing, duration,
and strength of the voltage pulses.

When using the ring-shaped drive electrode and the refer-
ence electrode such as those shown in FIGS. 3A-3B, a nega-
tive voltage differential applied across the piezoelectric layer
generates an electric field that points substantially 1n the same
direction as the poling direction. The electric field forms
primarily in the piezoelectric material underneath the ring-
shaped drive electrode and over the peripheral portion of the
membrane. In response to the electric field, the piezoelectric
material under the ring-shaped drive electrode expands ver-
tically and contracts laterally. As a result, the central portion
of the membrane tends to form a convex shape (from the
actuator side) and thus bows outwardly (away from the cham-
ber), expanding the pumping chamber 114. Alternatively, a
positive voltage differential applied across the piezoelectric
layer generates an electric field that points in a direction
opposite to the poling direction. In response to the electric
field, the piezoelectric material under the drive electrode con-
tracts vertically and expands laterally. As a result, the central
portion of the membrane tends to form a concave shape (from
the actuator side) and thus bows inwardly (toward the cham-
ber), contracting the pumping chamber 114.

The deflection of the membrane under a ring-shaped drive
clectrode 1s 1n the opposite direction as that under a central
drive electrode 1f the same voltage differential 1s applied
across the piezoelectric layer between the drive electrode and
the reference electrode. This 1s due to the natural bending
mode that exists 1n a piezoelectric film. Although the local
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behavior of the piezoelectric film undereath a ring-shaped
drive electrode 1s similar to that underneath a central drive

clectrode, by using a piezoelectric film that extends beyond
the area covered by the drive electrode, additional deflection
1s created 1n the piezoelectric material over the central region
of the membrane due to the tensions created underneath the
drive electrode. Such deflection would not naturally occur 1f
the piezoelectric layer 1s segmented at the inner edge of the
ring-shaped electrode.

FIG. 3C 1s an exemplary drive voltage waveform for a
droplet ejection cycle 1n the fluid ejection system of FIGS.
3A-3B. Because a ring-shaped drive electrode creates the
opposite deflection as a central drive electrode, a negative
drive voltage differential can be used to replace the positive
voltage differential in FIG. 2C and achieve the same fluid
¢jection cycle 1n the pumping chamber. In addition, there 1s
also no need to maintain a quiescent negative bias on the drive
clectrode to achieve a pumping action. During a fluid ejection
cycle 1n the fluid ejection system 100 as shown in FIGS.
3A-3B, a negative voltage pulse of magnitude -V 1s first
applied to the ring-shaped drive electrode 310 for a time
period T1, the pumping chamber 114 expands to draw 1n fluid
from the fluid supply, then at the end of the negative voltage
pulse, the pumping chamber 114 contracts and goes from the
expanded state back to a relaxed state, ¢jecting a flmid drop
from the nozzle.

A ring-shaped drive electrode solves the alforementioned
drawbacks of the central drive electrode. A negative voltage
pulse can be used as drive signals for flmid ejection, and there
1s no exposure to a quiescent bias, therefore, the rnng-shaped
drive electrode can improve the life span of the piezoelectric
material 1 the actuator.

FIG. 4 A 1illustrates the detlection of a piezoelectric mem-
brane under a positive voltage differential applied between a
circular central drive electrode and a reference electrode.
FIG. 4B illustrates the detlection of a piezoelectric membrane
under a positive voltage differential applied between an annu-
lar ring-shaped drive electrode and a reference electrode.

In FIG. 4A, a positive voltage differential of 1V 1s applied
across the central portion of the circular piezoelectric mem-
brane while the edge 1s held at ground. The radius of the
pumping chamber 1s 150 microns and the total central dis-
placement 1s approximately 7.1 nm, and the total volume
expansion is 142x10"°m’.

In FIG. 4B, a positive voltage differential of 1V 1s applied
across the edge of the piezoelectric membrane while the
central region 1s held at ground. The radius of the pumping
chamber 1s also 150 microns, and the total central displace-

ment 1s approximately —4.6 nm, and the total volume contrac-
tion is 98x10'°*m".

Dual Electrode Design with a Central Electrode and
a Ring Electrode

A single central drive electrode and a single ring-shaped
drive electrode can be combined to create a dual electrode
design. A unipolar (e.g., negative) voltage pulse at zero qui-
escent bias can be applied to the nng-shaped drive electrode
and the central drive electrode consecutively, to first expand
and then contract the pumping chamber. Unlike the single
clectrode design shown 1n FIGS. 2A-3C, the pumping voltage
differential 1s effectively reduced 1n a dual electrode design
because the total volume displacement required for a pump-
ing cycle 1s divided between the expansion phase and the
contraction phase. In addition, for a given drive voltage dii-
terential, the size of the pumping chamber under the dual-
clectrode can be significantly smaller than that 1n a single
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clectrode design because of the larger membrane deflection
created by the dual-electrode. Theretore, a higher density of
pumping chambers and nozzles can be packed 1n a printhead
module that utilizes the dual electrode design, creating higher
printing resolution.

FIG. 5A 1s a schematic diagram of a dual-electrode piezo-
clectric actuator including an inner drive electrode (e.g., a
central electrode), an outer drive electrode (e.g., a ring-
shaped electrode) encircling the inner drive electrode, and an
opposing reference electrode.

In FIG. 5A, the inner drive electrode 510 and the outer
drive electrode 520 are insulated from each other by a gap
between the electrodes. In this example, the inner drive elec-
trode 510 1s a circular conductive disc, and the outer drive
clectrode 520 1s a conductive annular ring. The lateral dimen-
sion R _ of the nner drive electrode 1s smaller than the inner
lateral dimension of the outer drive electrode R, . The outer
dimension of the outer drive electrode R ,1s greater or equal
to the lateral dimension of the membrane over the pumping,
chamber.

The mner and outer drive electrodes are positioned on the
top surface of the piezoelectric layer 126. The inner drive
clectrode 510 1s disposed over a central portion of the mem-
brane over the pumping chamber. The outer drive electrode
520 1s disposed over a peripheral portion of the membrane
over the pumping chamber. The outer drive electrode covers
the perimeter of the membrane. The inner and outer edges of
the outer drive electrode 520 are aligned and spaced apart
from the pumping chamber wall.

The bottom surface of the piezoelectric layer 126 1s in
contact with a reference electrode 530. The bottom surface of
the reference electrode 530 1s in contact with the actuator
membrane 122. The reference electrode 530 can be continu-
ous and spans both the mner and the outer drive electrodes.
The reference electrode 530 can also span drive electrodes of
multiple actuators. Alternatively, the reference electrode can
also be segmented into mmner and outer portions that corre-
spond to the mner and outer drive electrodes, and the portions
can be separately controllable. The inner portions of the ret-
erence electrodes of multiple actuators can be electrically
connected to a first common reference voltage and commonly
controlled, and the outer portions of the reference electrodes
of multiple actuators can be electrically connected to a second
common reference voltage and commonly controlled (but
separately from the inner portions).

The 1nner drive electrode 510, the outer drive electrode
520, and the reference electrode 530 are coupled to a control-
ler 130. The controller 130 can supply the appropriate drive
voltages for actuating the piezoelectric membrane over the
pumping chamber. In some implementations, the outer drive
clectrode 520 can have one or more small slits that cut across
the width of the ring to allow access to the iner drive elec-
trode 510. For example, a slit across the width of the outer
drive electrode 520 can be used to accommodate a conductive
path between the 1nner drive electrode 510 and the controller
130. The existence of a slit will not substantially affect the
operation of the drive electrodes 11 the width of the slit1s small
compared to the size of the outer drive electrode, and the outer
drive electrode can still substantially enclose the inner drive
clectrode 510. Alternatively, an insulated conductive path can
be placed over or under the outer drive electrode 520 to
connect to the 1nner electrode 510 to the controller 130.

In this particular example, the dual electrode piezoelectric
actuator includes a piezoelectric layer made of a PZT film
(e.g., a continuous PZT film that spans beyond the mem-
brane). The PZT film 1s approximately 5 microns thick, and
has a poling direction pointing from the bottom surface to the
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top surface, 1.e., substantially perpendicular to the membrane.
The thickness for the PZT film can range from about 0.5

micron to 10 microns. The membrane layer 1s a silicon mem-
brane approximately 11 micron thick. The flexible portion of
the membrane layer forms the membrane over the pumping
chamber. The pumping chamber and the membrane each has
a lateral dimension of 150 microns. The inner drive electrode
has a radius of roughly two thirds (25) of the lateral dimension
of the pumping chamber. The outer electrode has an outer
dimension that 1s at least equal to or greater than the lateral
dimension of the pumping chamber (or the lateral dimension
of the membrane).

FIG. 5B 1llustrates exemplary drive voltage wavetorms on
the inner drive electrode and the outer drive electrode relative
to the reference electrode (i.e., a continuous reference elec-
trode that spans both the inner and the outer electrodes 1n this
example) for a droplet ejection cycle in the fluid ejection
system utilizing the dual electrode piezoelectric actuator
shown 1n FIG. SA.

In the dual electrode design, the drive electrodes are kept
neutral duringidle. No quiescent bias 1s applied to either drive
clectrode relative to the reference electrode. During a fluid
ejection cycle, a first negative voltage pulse 1s applied to the
outer drive electrode to expand the pumping chamber during
a time period T1; then a second negative voltage pulse 1s
applied to the mner drive electrode to contract the pumping
chamber during a time period 12. FIG. 5B illustrates the
correspondence between the drive voltages applied to the
drive electrodes relative to the reference electrode and the
shape of the membrane during the pumping cycle. For the
same drive voltage magnitude V, the total volume displace-
ment caused by the dual electrode actuator 1s the sum of the
total volume displacements of the mner drive electrode and
the outer drive electrode under the same drive voltages. In
some 1mplementations, the drive voltage applied on the inner
drive electrode and the outer drive electrode can be of the
same or different magnitudes depending on the particular
design and/or operation requirements.

The dnive voltage pulses can be supplied by a controller
130 clectrically coupled to the mmner and outer drive elec-
trodes, and the reference electrode. The controller 130 1s
operable to generate or obtain a waveform for the negative
voltage pulses. The controller can recerve or generate control
signals that control the timing, duration, magnitude, and time
lag of the drive pulses on each electrode. The duration of the
drive voltage pulse can be determined based on the time
needed for the actuator membrane to reach maximum deflec-
tion. The time lag between the first drive voltage pulse and the
second drive voltage pulse can be determined based on the
time 1t takes the membrane to return to 1ts relaxed state from
the expanded state.

Optimization and Vanations of the Piezoelectric
Actuator

The relative size of the drive electrode and the pumping
chamber aflects the total volume displacement that can be
achieved in both the single electrode designs (a central drive
clectrode or a ring-shaped drive electrode) and the dual elec-
trode design (an mner drive electrode and an outer drive
clectrode surrounding the 1nner drive electrode). The maxi-
mum total volume displacement can be achieved for an elec-
trode of a particular shape by adjusting the electrode size.

FIG. 6 1s aplotillustrating the correlations between volume
displacement per volt and the lateral dimensions of the central
and the ring-shaped drive electrodes 1n relation to the lateral
dimension of the pumping chamber. In this plot, the dimen-




US 8,001,820 B2

17

s1on of the pumping chamber 1s 1dentical to the dimension of
the membrane over the pumping chamber (1.e., the walls of
the pumping chamber are perpendicular to the membrane).

These plots are for electrodes of circular shapes (1.e., a
circular disc or an annual ring) placed at the center of the
actuator membrane over a pumping chamber. The pumping
chamber has a radius of 150 microns. The actuator membrane
1s 11 microns thick. The piezoelectric layer1s 5 microns thick.
Although the exact values shown 1n the plot are specific to this
particular configuration, the correlations between the volume
displacement and electrode size are 1llustrative of electrodes
and pumping chambers of other sizes and shapes.

The horizontal axis of the plot shows the distance from the
center of the pumping chamber. The maximum distance
shown 1s 150 microns, the radius of the pumping chamber.
The vertical axis on the left 1s the capacitance (F) of the
clectrodes. The vertical axis on the right 1s the volume dis-
placement per volt (m’/volt). Curve 601 is the correlation
between the capacitance of a circular central electrode and the
radius of the circular central electrode. Curve 602 1s the
correlation between the capacitance of a circular rning-shaped
clectrode and the mnner radius of the circular ring-shaped
clectrode. Curve 603 1s the sum of the Curve 601 and the
Curve 602. Curve 604 1s the correlation between the volume
displacement of a circular central electrode and the radius of
the circular central electrode. Curve 603 is the correlation
between the volume displacement of a circular ring-shaped

central electrode and iner radius of the circular ring-shaped
clectrode. Curve 606 1s the sum of the Curves 604 and 605.

Curve 604 shows that a positive drive voltage on a central
clectrode produces a positive volume displacement (i.e.,
chamber expands). The maximum expansion occurs as the
radius of the circular electrode reaches about 100 microns,
which 1s about two thirds (34) of the pumping chamber radius.
Betore the radius of the central electrode reaches two thirds
(253) of the pumping chamber radius, the volume displacement
increases with electrode radius; after the radius reaches 24 of
the pumping chamber radius, the volume displacement starts
to decrease with electrode radius. Although FIG. 6 only
shows electrode radius up to the pumping chamber radius, it
can be seen from the non-zero volume displacement at pump-
ing chamber radius that electrode radius that goes slight
beyond the pumping chamber radius can still produce volume
displacement in the pumping chamber.

Curve 605 shows that a positive drive voltage on a ring-
shaped drive electrode produces a negative volume displace-
ment (1.e., the chamber contracts). The maximum contraction
occurs as the inner radius of the rning-shaped electrode reaches
about 112 microns. The out radius of the nng-shaped drive
clectrode 1s the same as the pumping chamber radius 1n this
plot. However, the outer radius can be, and preferably 1s,
slightly greater than the pumping chamber radius. For
example, for a pumping chamber with a radius of 150
microns, the outer radius of the ring-shaped drive electrode
can be 155-160 microns.

It can be seen that the ring-shaped electrode 1s slightly less
cificient than the central electrode regarding maximum vol-
ume displacement. For example, the maximum volume dis-
placement for the circular central electrode 1s roughly 1.9x
107'° m>/volt at radius, r_,=100 microns. The maximum
volume displacement for the circular ring-shaped electrode 1s
roughly 1.7x107'° m”/volt at inner radius, r,_=112 microns.
In one dual electrode design, the radius of the central drive
clectrode and the inner radius of the ring-shaped drive elec-
trode are both chosen to achieve the maximum volume dis-
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example, such design requires approximately a 12-micron
gap between the central and the ring-shaped drive electrodes.

In an alternative dual electrode design, the radius for the
inner drive electrode (e.g., the central drive electrode) and the
inner radius of the outer drive electrode (e.g., the rnng-shaped
drive electrode) are such that the volume displacement is
equal for the two drive electrodes. It the inner radius of the
ring-shaped drive electrode 1s r,_, the radius of the central
drive electrode 1s r_,=80 microns. The volume displacement
per volt would be the same in magnitude for the ring-shaped
drive electrode and the central drive electrode at 1.7x107"°
m->/volt. In this design, there is approximately a 32 micron
gap between the electrodes.

In addition to the relative sizes of the pumping chamber
and the drive electrodes, the maximum volume displacement
1s also atiected slightly by the thickness of the piezoelectric
layer. FIG. 7 1s a plot 1llustrating the correlation between
volume displacement per volt (dV/dU) 1n the pumping cham-
ber and percentage of a central drive electrode radius relative
to pumping chamber radius (%). In general, the volume dis-
placement per volt peaks when the radius of the central drive
clectrode reaches about 24 of the pumping chamber radius.
However, depending on the thickness of the PZT film, the
peak shiits slightly. For example, with a thicker PZT film, the
peak shifts to a slightly smaller electrode radius, and for a
thinner PZT film, the peak shifts to a slightly larger electrode
radius. In general, the volume displacement per volt reduces
as the PZT film thickness increases. A possible design regime
for the central drive electrode 1s about 60% to 80% of the
pumping chamber radius. The thickness of the PZT film can
range from 0.5 micron to 10 microns to maintain both suifi-
cient flexibility for volume displacement and sufficient
strength to pressurize the fluid 1n the pumping chamber.

Although the plots 1n FIGS. 6 and 7 are for a circular inner
clectrode and/or an annular ring-shaped outer electrode, simi-
lar dimensional correlations can be found for electrodes of
other shapes. For example, the ring shape for the outer elec-
trode 1s not limited to circular but rather can include other
shapes (e.g., oval, polygonal, square, rectangular, triangular,
and so on) with an open center. In addition, 1n some 1mple-
mentations, a ring shape can include a gap cut across the
width of the ring (e.g., to accommodate a path connecting the
inner electrode to the controller). In some implementations, a
ring-shaped drive electrode can have more than one slit cut
across the width of the ring such that it 1s no longer a single
conductive piece. In such implementations, the several seg-
ments ol the ring-shaped electrode can be tied to a common
control signal or controlled synchronously to act as a single
ring-shaped drive electrode. In such implementations, such
slits do not substantially alter the effectiveness of the ring-
shaped drive electrode 11 the width and/or number of the slits
are small relative to the size of the ring, such that the segments
of the ring-shaped electrode still substantially enclose the
central region surrounded by the segments of the ring-shaped
drive electrode.

Similarly, the mner drive electrode 1s not limited to a cir-
cular disc, and can have any shape (e.g., oval, polygonal,
square, rectangular, or triangular, and so on). In some 1mple-
mentations, the inner drive electrode can include one or more
cuts so long as the cuts are small compared to the area of the
inner drive electrode and all segments of the mnner electrode
are tied to a common control signal or controlled synchro-
nously to act as a single central drive electrode. In some
implementations, the mner drive electrode can include one or
more openings 1n it (e.g., a ring, an open ring, or a disc with
holes 1n it). The presence of the one or more openings do not
substantially interfere with the operation of the inner drive
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clectrode 11 the openings are small in number and size relative
to the size of the mner drive electrode.

Positions of the drive electrodes can also affect the perfor-
mance of the piezoelectric actuator. The central and/or inner
drive electrode can be disposed generally over the central
portion of the membrane over the pumping chamber. In the
designs shown in FIGS. 2-5, the circular central or inner drive
clectrodes are disposed at the center of the membrane over
pumping chamber. The location of the central or inner drive
clectrode can be varied slightly 1n some implementations
(e.g., to accommodate shape of the pumping chamber or
positions of other components of the fluid ejector unit). Typi-
cally, by placing the inner drive electrode over the central
portion of the membrane, greater deflection of the membrane
can be achieved. However, some off-set from the central
portion may be desirable depending on the particular design
of the drive electrode and the shape of the pumping chamber.

Similarly, the ring-shaped and/or the outer drive electrode
can be disposed over the peripheral portion of the membrane
with 1ts opening generally over the central portion of the
membrane. In the designs shown in FIGS. 3-5, the rning-
shaped and/or outer drive electrode have inner and outer
edges substantially aligned with the perimeter of the pumping
chamber wall and covers the entire (or substantially the
entire) periphery of the pumping chamber. Such aligned posi-
tioming of the ring-shaped and/or outer drive electrode can
allow greater membrane deflection than the unaligned posi-
tioning.

The inner and outer perimeters of the rning-shaped electrode
do not have to be geometrically similar or concentric. How-
ever, 1n some implementations, the width of the ring 1is
roughly uniform around the entirety of the ring or most of the
ring. Similarly, the outer perimeter of the inner electrode and
the inner perimeter of the ring-shaped electrode do not have to
be geometrically similar or concentric. However, in some
implementations, the gap between the inner electrode and the
outer electrode can be roughly umiform around the entirety of
the 1nner electrode.

The reference electrode can be segmented between the
portions each opposing a respective inner or the outer drive
clectrode of an actuator. The reference electrode can also be
continuous and span both the mner and the outer drive elec-
trodes of an actuator. In some designs, a continuous reference
clectrode can span electrodes of multiple actuators. In some
designs, reference electrodes of multiple actuators or seg-
mented portions of a reference electrode for a single actuator
can be tied to a common control signal or controlled synchro-
nously.

The piezoelectric material can be continuous and span over
the entire area over the pumping chamber and beyond. In
some 1mplementations, the continuous piezoelectric material
can span several actuators. Alternatively, the piezoelectric
material can include cuts in regions that do not overlie the
pumping chambers, 1n order to segment the piezoelectric
material of the different actuators from each other and reduce
cross-talk.

FIG. 8 A shows a piezoelectric actuator with another exem-
plary ring-shaped electrode 800 over a continuous PZT layer.
FIG. 8B illustrates the detflection of the PZT layer under the
exemplary ring-shaped electrode 800 in FIG. 8A.

In this design, the shape of the ring 1s defined by an inner
shape formed by the mner edge 810 of the nng, and an outer
shape formed by the outer edge 820 of the ring. The imner
shape of the ring 1s roughly a hexagon, except one apex of the
hexagon that 1s connected to the external voltage source or
controller 130 1s slightly elongated and rounded. The outer
shape of the ring 1s similar to that of the inner shape, and the
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inner shape and the outer shape are roughly concentric such
that the width (W) of the ring 1s roughly the same around the
ring, except for the side that connects to the voltage source or
controller 130.

The rning-shaped electrode 800 1n FIG. 8A 1s placed on the
top surface of a continuous piezoelectric film 840 and over a
pumping chamber. The pumping chamber edge 830 1s
entirely underneath the ring-shaped electrode 800. The shape
of the ring also tracks the shape of the pumping chamber
closely. Theretore, the ring 1s substantially aligned with the
perimeter of the membrane over the pumping chamber. A
continuous reference electrode 1s disposed between the
piezoelectric film 840 and the silicon substrate 850.

FIG. 8B shows a simulation result for the detlection of the
piezoelectric (e.g., PZT) film when a negative voltage 1s
applied to the ring-shaped drive electrode 800 relative to the
reference electrode. The membrane bow outwardly (away
from the pumping chamber), and the pumping chamber is
expanded.

The design of the inner and outer drive electrodes 1n a dual
clectrode design and the design for the ring-shaped electrode
in a single electrode design can also take into consideration
that the static and dynamic detlection for the piezoelectric
membrane at 0 Hz and at the pumping chamber mechanical
resonance Ifrequency should be roughly the same.

Although the dnive voltages discussed above are simple
rectangular voltage pulses, much more complex voltages can
be applied, e.g., in order to control the size, velocity or num-
ber of tluid drops ejected.

Although the piezoelectric material discussed with respect
to the above examples has a poling direction pointing away
from the pumping chamber. In some implementations, a pre-
fired piezoelectric layer (e.g., bulk piezoelectric material that
1s fired before being bonded to a module substrate) having a
poling direction pointing toward the pumping chamber can be
attached to the membrane. In such implementations, the volt-
age pulses could be similarly reversed to achieve the same
pumping actions.

Although the discussions above refer to a configuration
where the drive electrode layer 1s placed over the exposed side
of the piezoelectric layer and the reference electrode layer 1s
disposed between the piezoelectric layer and the membrane
layer, the positions of the drive electrode and the reference
clectrode layers can be reversed as well. For a given a poling
direction of the piezoelectric material relative to the pumping
chamber (1.¢., either pointing away or toward the pumping
chamber), the voltage pulses applied to the drive electrodes
relative to the reference electrode could be similarly reversed
to achieve the same pumping actions.

The selection of appropriate pumping voltage pulses on
cach drive electrode in each configuration can be based on the
following basic behaviors of the outer (e.g., ring-shaped)
drive electrode and the inner (e.g., central) drive electrode.

The basic behaviors of a ring-shaped drive electrode are as
tollows: when a voltage differential applied between the ring-
shaped drive electrode and the reference electrode creates an
clectric field that points 1n the same direction as the poling
direction of the piezoelectric material between the ring-
shaped drive electrode and the reference electrode, the pump-
ing chamber expands; when a voltage differential applied
between the rnng-shaped drive electrode and the reference
clectrode creates an electric field that points in a direction
opposite to the poling direction of the piezoelectric material
between the rning-shaped drive electrode and the reference
clectrode, the pumping chamber contracts.

The basic behaviors of a central drive electrode are as
tollows: when a voltage differential applied between the cen-
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tral drive electrode and the reference electrode creates an
clectric field that points 1n the same direction as the poling
direction of the piezoelectric material between the central
drive electrode and the reference electrode, the pumping
chamber contracts; when a voltage differential applied
between the central drive electrode and the reference elec-
trode creates an electric field that points 1n a direction oppo-
site to the poling direction of the piezoelectric material
between the central drive electrode and the reference elec-
trode, the pumping chamber expands.

There are four situations where the voltage differential
between a drive electrode and a reference electrode can create
an electric field that points 1n the same direction as the poling
direction of the piezoelectric material.

First, when the poling direction of the piezoelectric mate-
rial points away from the pumping chamber, 1 the electrodes
are positioned such that the poling direction also points from
the reference electrode layer to the drive electrode layer, then
anegative voltage ditlerential between the drive electrode and
the reference electrode creates an electric field that points in
the same direction as the poling direction of the piezoelectric
material.

Second, when the poling direction of the piezoelectric
material points away from the pumping chamber, if the elec-
trodes are positioned such that the poling direction points
from the drive electrode layer to the reference electrode layer,
then a positive voltage differential 1s needed between the
drive electrode and the reference electrode to create an elec-
tric field that points in the same direction as the poling direc-
tion of the piezoelectric field.

Third, when the poling direction of the piezoelectric mate-
rial points toward the pumping chamber, if the electrodes are
positioned such that the poling direction also points from the
reference electrode layer to the drive electrode layer, then a
negative voltage differential between the drive electrode and
the reference electrode creates an electric field that points in
the same direction as the poling direction of the piezoelectric
material.

Fourth, when the poling direction of the piezoelectric
material points toward the pumping chamber, if the electrodes
are positioned such that the poling direction points from the
drive electrode layer to the reference electrode layer, then a
positive voltage differential 1s needed between the drive elec-
trode layer and the reference electrode layer to create an
clectric field that points 1n the same direction as the poling
direction of the piezoelectric field.

There are similarly four situations where the voltage dif-
terential between a drive electrode and a reference electrode
can create an electric field that points 1n a direction opposite
to the poling direction of the piezoelectric material.

During a pumping cycle, 1t 1s sometimes preferred to have
clectric fields that point 1n the same direction as the poling
direction of the piezoelectric material during both the expan-
s1ion and the contraction phase (such as in the dual electrode
design example). In some implementations, it 1s possible to
have an electric field pointing 1n the same direction as the
poling direction only during the expansion phase of the
pumping cycle, and the contraction 1s carried out by the
natural relaxation of the membrane 1n the absence of an
applied electric field. Application of an electric field that
points 1n the same direction as the poling direction helps
reduce depolarization and fatigue of the piezoelectric mate-
rial, however, 1n practice, this preference may be forgone to
achieve other goals.

During a pumping cycle, 1t 1s preferable to first expand and
then contract the pumping chamber. When using a single
ring-shaped drive electrode, an electric field pointing in the
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same direction as the poling direction can be generated first
for a time period T to expand the pumping chamber, and then
climinated to restore the pumping chamber to 1ts relaxed
state. For further contraction, after the expansion period, an
clectric field pointing in a direction opposite to the poling
direction can be applied for atime period T', although this will
tend to deteriorate the piezoelectric matenal.

When using a dual electrode design with an 1nner drive

clectrode and an outer drive electrode, 1n order to expand the
pumping chamber, a first voltage differential 1s applied
between the outer drive electrode and the reference electrode
to create an electric field pointing in the same direction as the
poling direction of the piezoelectric material for a first time
period T1; then, to contract the pumping chamber, a second
voltage differential 1s applied between the inner drive elec-
trode and the reference electrode to create an electric field that
also points 1n the same direction as the poling direction of the
piezoelectric material for a second time period T2. This
sequence of operation reduces depolarization of the piezo-
clectric material since the electric field created 1n the piezo-
clectric material points in the same direction as the poling
direction during the entire pumping cycle (e.g., expansion
and contraction periods). In some implementations, 1t 1s pos-
sible to reverse the voltage application, for example, by
applying a first voltage differential on the inner electrode to
generate an electric field that points 1n a direction opposite to
the poling direction to expand the chamber first, and then
applying a second voltage differential on the outer drive elec-
trode to generate another electric field that points 1n a direc-
tion opposite to the poling direction to contract the chamber.
However, this sequence of operation would increase depolar-
1zation of the piezoelectric material, and reduce the life span
and effectiveness of the piezoelectric actuator.
The use of terminology such as “front” and “back,” “top”
and “bottom,” or “horizontal” and “vertical” throughout the
specification and claims 1s to distinguish the relative positions
or orientations of various components of the printhead mod-
ule and other elements described therein, and does not imply
a particular orientation of the printhead module with respect
to gravity.

While this specification contains many specific implemen-
tation details, unless explicitly stated in the claims, these
should not be construed as limitations on the scope of any
invention or of what may be claimed, but rather as descrip-
tions of features that may be specific to particular embodi-

ments of particular inventions.

What 1s claimed:
1. A fluid ejection system, comprising:
a substrate having a chamber formed therein;
a membrane that forms a wall of the chamber and 1s oper-
able to expand or contract the chamber by flexing; and
an actuator supported on the membrane, the actuator com-
prising;:
a piezoelectric layer disposed between a drive electrode
layer and a reference electrode layer, wherein:
the piezoelectric layer comprises a continuous planar
piezoelectric material spanning the chamber and
having a uniform poling direction that 1s substan-
tially perpendicular to the continuous planar piezo-
electric material;
the drive electrode layer comprises a drive electrode
in contact with the continuous planar piezoelectric
material, the drive electrode being 1n the shape of a
ring, disposed over a peripheral portion of the
membrane, and being the sole drive electrode over
the membrane 1n the drive electrode layer; and
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the reference electrode layer comprises a reference
clectrode spanning at least an area covered by the
drive electrode, where creation of a voltage differ-
ential between the drive electrode and the reference
clectrode generates an electric field 1n the continu-
ous planar piezoelectric material, and the electric
field results 1n actuation of the continuous planar
piezoelectric material to flex the membrane.
2. The fluid ejection system of claim 1, further comprising:
a controller electrically coupled to the drive electrode and
the reference electrode, wherein during an operation
cycle to eject a tluid droplet, the controller 1s operable to
create a voltage differential between a drive electrode
and the reference electrode for a time period to expand
the chamber, and to remove the voltage differential after
the time period to contract the chamber.
3. The flud ejector system of claim 2, wherein:
the unmiform poling direction of the continuous planar
piezoelectric material points from the reference elec-
trode layer to the drive electrode layer, and the voltage
differential 1s a negative voltage differential.
4. The flud ejector system of claim 3, wherein:
the uniform poling direction of the continuous planar
piezoelectric material points away from the chamber.
5. The fluid ejection system of claim 1, wherein the mem-

brane has a lateral dimension of D, the drive electrode has an
inner lateral dimension and an outer lateral dimension, and

t
t

ne outer lateral dimension of the drive electrode 1s greater
nan the lateral dimension of the membrane.

6. The flmd ejection system of claim 5, wherein the inner

lateral dimension of the drive electrode 1s such that a maxi-
mum volume displacement 1s achieved between expansion
and contraction of the chamber.

7. The flud ejection system of claim 6, wherein the con-

tinuous planar piezoelectric material 1s a lead zirconate titan-
ate (PZT) film.

8. A fluid ejection system, comprising:
a substrate having a chamber formed therein;
a membrane that forms a wall of the chamber and 1s oper-
able to expand or contract the chamber by flexing;
an actuator supported on the membrane, the actuator com-
prising;:
a piezoelectric layer disposed between a drive electrode
layer and a reference electrode layer, wherein:
the piezoelectric layer comprises a planar piezoelec-
tric material spanning beyond the membrane and
having a uniform poling direction that 1s substan-
tially perpendicular to the planar piezoelectric
material;
the drive electrode layer comprises a drive electrode
in contact with the planar piezoelectric material,
the drive electrode being in the shape of a ring,
disposed over a peripheral portion of the mem-
brane, and being the sole drive electrode over the
membrane 1n the drive electrode layer; and
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the reference electrode layer comprises a reference
clectrode spanning at least an area covered by the
drive electrode; and

a controller electrically coupled to the drive electrode and
the reference electrode, wherein during an operation
cycle to eject a fluid droplet, the controller 1s operable to
create a voltage differential between a drive electrode
and the reference electrode for a time period to expand
the chamber, and to remove the voltage differential after
the time period to contract the chamber.

9. The fluid ¢jector system of claim 8, wherein:

the uniform poling direction of the planar piezoelectric
material points from the reference electrode layer to the
drive electrode layer, and the voltage difierential 1s a
negative voltage differential.

10. The fluid ejector system of claim 9, wherein:

the unmiform poling direction of the planar piezoelectric
material points away from the chamber.

11. The fluid ejector system of claim 9, wherein:

the unmiform poling direction of the planar piezoelectric
material points toward the chamber.

12. The fluid ejector system of claim 8, wherein:

the uniform poling direction of the planar piezoelectric
material points from the drive electrode layer to the
reference electrode layer, the voltage differential 1s a
positive voltage potential.

13. The fluid ejector system of claim 12, wherein:

the uniform poling direction of the planar piezoelectric
material points away from the chamber.

14. The fluid ejector system of claim 12, wherein:

the umiform poling direction of the planar piezoelectric
material points toward the chamber.

15. A fluid gjection system, comprising:

a substrate having a chamber and a membrane, wherein the
membrane covers one side of the chamber and 1s oper-
able to expand or contract the chamber by tlexing;

an actuator on the membrane, the actuator comprising a
piezoelectric layer disposed between a drive electrode
layer and a reference electrode layer, wherein the piezo-
clectric layer having a uniform poling direction substan-
tially perpendicular to a surface of the membrane 1n
contact with the actuator, and the drnive electrode layer
comprises a drive electrode 1n contact with the piezo-
clectric material, the drive electrode being ring-shaped
and disposed over a peripheral portion of the membrane
over the chamber, and being the sole drive electrode over
the membrane 1n the drive electrode layer; and

a controller electrically coupled to the actuator to provide a
unipolar waveform to the drive electrode.

16. The fluid ejection system of claim 15, wherein the

unmipolar waveform applied to the actuator creates an electri-
cal field 1n the piezoelectric layer that 1s substantially in the
same direction as the poling field.
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